I INTRODUCTION
The so-called environmental problems around nuclear facilities have been widely brought out with the increasing use of nuclear energy. One of the technical problems is the assessment of "dose" to critical individuals and population group near facilities from external photons.
The Interna- There have been little information on photon spectra around nuclear facilities under operation.
If a spectrum at a noticed place is much different from that of its natural background, the spectrum is useful for the evaluation of dose due to artificial radiation component as well as of a fundamental information of the radiation field. In the previous papers, the authors reported some photon energy spectra approximately up to 9 MeV observed around a kind of nuclear reactor under operation and pointed out that it deviated clearly from natural radiation background, 15, 16) and that a NaI true spectrum method was a better way to assess small change in exposure rate even though it has only poor resolving power of pulse-height analysis. 17 In order to know more information, some characteristic patterns of leakage photons have been studied in and around the reactor room of YA-YOI,*4 and then environmental studies have been made around a PWR-site to examines the utility of a true spectrum method using a NaI(T1) scintillation spectrometer and an ionization chamber. The present paper describes (1) some examples of leakage photon spectra gained in and around the reactor room of YAYOI and their features, (2) comparison of the spectra of YAYOI with those of KUR*5 reported previously, (3) an application of the NaI true spectrum method in the vicinity of a nuclear generating plant.
II EXPERIMENTAL
It is convenient for the consideration of the origins of photons to specify photons found around a nuclear facilities in routine operation. Photons to be observed around a reactor are mainly classified as follows: The research reactor of the University of Tokyo, fast neutron source reactor the maximum thermal power 2 kW. *5 KUR:
Kyoto University Reactor swimming pool type, the maximum thermal power 5 MW, the core construction almost similar to that of Bulk Shield Reactor at ORNL.
(1) photons penetrated through and interacted with a reactor shield during the travel after their departure in a reactor core, (2) photons leaked through irradiation holes (in the case of a research reactor) and then scattered with them, (3) photons emitted from radioactive aerosols and gases released from stacks of nuclear facilities, (4) photons from radioactive sources placed in the vicinity of measuring point and scattered ones, (5) photons from natural and artificial radioactive substances contained in shielding materials, (6) photons arising from neutron capture of air, (7) photons arising from neutron capture of a reactor shielding materials, and so on.
Photon energy spectra measured around a reactor will be composed of photons of one or more sources classified above. The spectra have features according to each place where photon spectrometry is made. It may be considered that a photon energy spectrum obtained around a reactor consists of two components, those are continuum part (photons scattered and bremsstrahlung due to charged particles) and peak forming ones (escaped from scattering or interaction of radiation with surrounding materials) rising above the former.
To obtain pulse-height distributions of photons having their energy up to approximate 9 MeV, a scintillation spectrometer with a 3z5 x 311/ NaI(T1) detector was used. The pulse-height distribution obtained was unfolded by an iterative technique,18 with a 46 x 46 response matrix of the detection system being used, and with the aid of a high speed computer. Then the energy spectrum was determined for photons incident on the detector, in other words at a surface of 311c x 311/ cylinder. An exposure rate at the measuring point was easily known from the photon energy spectrum.151 An exposure rate measured simultaneously at the point with an ionization chamber having an active volume of 15 l was compared with the one obtained through the NaI(T1) scintillation spectrometry.
To obtain characteristic spectra of photons around YAYOI, spectrometry with a NaI(T1) scintillation spectrometer was carried out in a reactor room, when the reactor was surrounded with two kinds of shielding materials, namely lead and heavy concrete, as well as in an adjoining room. A layout of the reactor room of YAYOI and measuring places are given in Fig. 1 . The spectral measurements of photons were also made around a nuclear generating plant using a NaI(T1) scintillation spectrometer as an application of the NaI true spectrum method. Pulseheight distribution at the place approximately 100 and 900 meter apart from the reactor and one meter above the ground was measured with an unshielded NaI(T1) scintillation detector against each power of the reactor.
III RESULTS AND DISCUSSION
Figure 2-a): This is a photon energy spectrum observed at the one end of a vertical irradiation hole in YAYOI, of which reactor core lay in a lead shield chest and was being operated at thermal power of 30 mW. A measuring arrangement of the NaI(T1) detector is shown in Fig. 2-b) . The spectrum is considered to be almost similar to that in the reactor core. The spectrum is composed of photons resulting from the following origins; (1) prompt fission of 235U, (2) thermal neutron capture by core structural and shielding material, (3) slowing down of charged particles originated from fission product nuclides, and (4) energy level transitions of fission product nuclides. Photons due to the origins (1) and (3) would be observed as continuum and those due to (2) and (4) as monoenergetic peaks.
Photon spectrum resulting from prompt fission of 235U have been studied by MEIENSCHEIN et al. and by others using a multi-crystal spectrometer. They showed that the spectrum was represented in analytical forms. 19 The spectrum calculated with their analytical formula is also given in a dashed curve after being normalized to 1 count per second at 7 MeV in Fig. 2-a) .
It may be said that the core spectrum consists of basically continuous one accompanied with several mono-energetic photon peaks as shown in the figure. The observed spectrum between 4 and 8 MeV has almost constant value in comparison with the dashed line. This probably implies that photons due to origin (2) and their scattered ones were piled up on the spectrum of photons resulting from prompt fission as stated above.
Spectra observed in a reactor room are primarily comprised of i) leakage photons from the core and their scattering ones, ii) leakage photons originated in a reactor shield through a capture process of neutron which escaped from the core, and their scattering ones. In the present study, we could not compare quantitatively core spectra with Fig. 3 Photon energy spectra at various points when the reactor was operated inside the lead shield. spectra observed in the reactor room. However, it is found using Ge(Li) detector that the maximum energy observed around a reactor is approximate 9.3 MeV resulting from the reaction Fe(n, r),20) Figures 3-a) , -b), -c): These figures show spectra obtained at points B, C, D, and E, when the reactor was being operated. Figures 3-a) and -b) were obtained at the thermal power of 30 mW and Fig. 3-c) at 100 W. The distance from Pt. C to the reactor shielding wall was longer than that from Pt. B. Measuring points D and E were set in an adjoining room to the reactor room. There was another shielding wall, that was of 2 meter thick concrete and had a transparent window filled with water, between the reactor shielding wall and measuring points D or E. The detector was stood at the Pt. D just behind the window as well as at the Pt. E some distant from the window. Comparison of Fig. 2-a) with Figs. 3-a) and -b) leads to a result that the overall shape of the spectra observed outside the reactor core are somewhat smoother than that of the core spectrum. It may be considered that photons penetrating through the lead shield filled up sinks in spectrum. The spectral intensity between 1 and 2 MeV at Pt. B is higher than that of the core spectrum in the energy range. The partial shape of the former spectrum between 2 and 7 MeV is similar to that of the core spectrum, but the former's is lower than the latter's between 5 and 9 MeV. Spectral intensity in the energy below 2 MeV at Pt. C increases exponentially with energy, and this shape may be formed with the contribution of photons scattered at the surrounding wall of the reactor room. On the other hand, the intensity above 6 MeV at the Pt. C decreases more rapidly with energy than that at Pt. B.
Although Pt. E was only 2 meter distant from Pt. D and the spectrum obtained at the point D was spread over 6 MeV, no distribution above 6 MeV was found in the spectrum observed at Pt. E (dashed curve in Fig. 3-c) ). This difference appeared in the spectral shape would result from extinction and disappearance of photons within water or concrete shielding. As illustrated in the results, it may be generally stated that the spectrum at each point near and around the reactor is widely varied. Figure 4 -a), and -b): The dependence of the leakage photon spectra on thermal power of the reactor was studied at points F and G, when the reactor core was set inside a heavy concrete shield In the present study, incident photon energy spectra are obtained with an unfolding technique using a response matrix of the detection system as stated above.
The exposure rate at each measuring point is easily calculated from a spectrum of incident photons in the space of the detector.
The exposure rates derived with the unfolding technique agreed well with those measured simultaneously with an ionization chamber of 15 l in active volume at the common places. Similar measurements in the KUR-case have been already reported before.is>
It is difficult to find out significant differences between them so far as these spectra are measured with a NaI(T1) scintillation spectrometer from the One set of spectra observed in the two cases when the reactor was being operated in either lead shield or concrete shield. The former has slightly more relief than the latter. However, the photon peaks were not clearly found in the spectra because of the poverty of NaI(T1) detector in pulse-height resolving power. It is said that incident neutrons interact mainly with iodine through reactions of (n, r) and (n, n r)21) and that their cross sections in a sodium iodide detector are considerably small. Practically the neutron fluence at the place where the measurements were carried out was estimated small using several neutron survey meters, and hence any additional radiation due to these interactions was not detected in the present study. Figure 5 : This is one of the spectra of photon pulses obtained at the places of about 100 meter apart from the PWR core. Generally the maximum energy of photons observed in the natural environment is clearly 2.7 MeV (this is due to 208T1 of Th-series). However the spectral distribution of photon pulses in the figure was extended from 2.6 MeV to about 8 MeV. Other measurement of exposure rate with an ionization chamber at the point showed that it kept almost constant value regardless of power-up of the reactor. In spite of that the intensity distribution above 2.6 MeV is weak, this appearance of spectrum above 2.6 MeV may be resulted from reactor operation. Other spectrum components except cosmic-ray contributions above 2.6 MeV was not found in the spectrum observed at the place of about 900 meter apart from the core on the leeward of the reactor. The source of the distribution was not clarified in the figure on account of the poverty of pulse-height resolving power of the detector, but it may be considered that the spectrum was consisted of photons from 16N, or due to Fe(n, r) reaction and their scattered photons because the spectrum measured using a NaI(T1) scintillation spectrometer around a research reactor is approximately 9 MeV (possibly, due to the reaction Fe(n, r)).
The photon spectrum in higher energy region in the site of the nuclear generating plant was somewhat different from that in the natural environment, though their difference was very small amount compared with natural background. In this study the spectral distribution of photons above 2.6 MeV was found in the operation of a reactor by the aid of a gamma-ray spectrometer.
To assess the additional change of the dose contribution expected in routine operation of nuclear Fig. 5 Photon energy spectra at 0 W (dotted) and 60% of full power (solid) at a PWR-site using a 3b x 3"l NaI(T1) scintillation spectrometer.
facilities, the following several methods involve the measurement and evaluation of doses as stated before are considered, (1) the setting of several high pressure ionization chambers around the site," (2) the wider setting of many TLDs which are inexpensive,9"2' (3) continuous measurements by short time interval with a scintillation counter,22 (4) a modified G-function method discriminating facility origin component from natural radiation,23> and so on. In the present, it may be considered that the last method is excellent provided there is no artificial contribution in the energy range between 40K (1.46 MeV) and 208T1 (2.614 MeV).
At present many methods would be possibly applied to assess the small change of dose rate. Of reactors as well as PWR-site in the application of a true spectrum method. The spectra were different from those in natural environment in some points.
Although there were some differences between two types of reactor YAYOI and KUR, it was difficult to find significant differences between both characteristic photon spectra. Photons having energy above 2.6 MeV were detected in the environment near to a PWR-site under operation of a reactor. This may suggest that the true spectrum method is useful for an environmental surveillance in the site of nuclear facilities. In other words an environmental surveillance system with the true spectrum method may be expected.
Conceptual systems by the present method are given for the environmental surveillances.
